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A laser Thomson scattering system was developed for the measurement of electron temperature in
low-temperature recombining plasmas. The system is equipped with a double monochromator
instead of an interference filter array to obtain narrow Doppler broadening. The system was applied
to electron temperature measurement in the divertor simulator MAP-II. When the electron
temperature is lowered to 2 eV by puffing hydrogen gas, a signature of hydrogen molecular-assisted
recombination H2-MAR is observed. © 2005 American Institute of Physics.
DOI: 10.1063/1.2135281Volumetric recombination processes are promising sce-
narios for reducing particle and heat fluxes onto the divertor
plate in magnetic confinement fusion devices. While conven-
tional electron-ion recombination EIR processes dominate
plasma extinction at electron temperatures below 1 eV, the
existence of vibrationally excited molecular hydrogen effi-
ciently activates recombination H2-MAR processes1,2 from
about 1 to 3 eV. These recombination processes are experi-
mentally characterized by a phenomenon called “density
rollover” as neutral pressure increases. When the electron
temperature of a plasma is higher than several eV, ionization
overcomes the recombination process. Thus, increase of the
neutral pressure increases the ionization source, which re-
sults in an increase in electron density. On the other hand,
excessive raising of neutral pressure contributes to the cool-
ing of the electrons through inelastic collisions. As a result,
the ionization rate decreases as the electron temperature de-
creases, while the recombination rate increases, showing the
density rollover phenomenon. This indicates a change of the
dominant processes from ionization to recombination; how-
ever, it is insufficient to clarify which recombination process
is dominant, EIR or H2-MAR. Thus, investigation of recom-
bining plasmas requires reliable measurement methods for
electron temperatures applicable to low-temperature recom-
bining plasmas.
Laser Thomson scattering is supposed to be a candidate
for this purpose. However, it is challenging to obtain
Doppler-broadened scattering spectra of free electrons in
low-temperature recombining plasmas. This is not only be-
cause the spectral width is narrow compared to that of a
polychromator system with commercial-based interference
filters, but also because the spectrum is contaminated by
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by Rayleigh scattering caused by residual neutral gas. Care-
ful suppression of the stray light and the Rayleigh spectra are
important issues.
Thomson scattering measurements in the divertor
region3,4 were developed based on a well-established tech-
nique for high-temperature measurement in which the inter-
ference filter array is used. The divertor plasma has a wide
range of electron temperatures, from several tens of eV near
the separatrix to a few eV in front of the divertor plate; it
also has a relatively high electron density, ne1019 m−3. A
measurement system using an interference filter array, which
has the advantage of higher transmittancy than that using a
grating monochromator, is suitable from the viewpoint of
photon flux; the photon flux detected in a photomultiplier
tube through an interference filter is about 2–3 orders larger
than that detected in one cell of a charge-coupled device
CCD in a grating monochromator. This is because
the Thomson scattering spectrum is resolved to about 1000
pixels of the CCD in the grating monochromator, while it is
resolved into only three to five filters in the bandpass filter
system. In recombining plasmas, however, precise measure-
ment using the interference filter array is difficult; a Doppler
broadening spectrum of 1 eV, for example, is equivalent to
only a few times the passband of an interference filter of 1
nm bandwidth. In order to study recombining processes in a
steady-state divertor simulator, a monochromator system is
preferable. Using a double5 or triple6 monochromator to
block the stray light especially has an advantage in low-
temperature laboratory plasmas.7,8 In detached recombining
plasmas, however, the electron temperature can be lower
than the typical discharge plasmas: 2–3 eV for MAR and
1 eV for EIR. In this paper, a laser Thomson scattering
system developed to apply to recombining plasmas in the
divertor simulator MAP-II is described.
A schematic of the steady-state linear divertor/edge
plasma simulator, Material and Plasma MAP-II Refs.
9,10 is shown in Fig. 1a. The plasmas generated by arc
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Downldischarge are transmitted through the first chamber source
chamber into the second chamber gas target chamber.
Since the electron density in the first chamber is relatively
higher than in the second chamber, the system was first de-
veloped in the first chamber. Molecular hydrogen gas is
puffed into the second chamber. The gas leaks into the first
chamber and can activate MAR processes in the first cham-
ber. That makes it possible to change the partial pressure of
hydrogen in the first chamber without changing the discharge
condition.
A layout of the laser Thomson scattering system is
shown in Fig. 1b. A frequency-doubled Nd:YAG laser
beam 10 Hz, 500 mJ, 532 nm passing through an aperture
is directed to a plasma with a mirror located beneath the
chamber. A lens with a focal length of 1 m focuses the beam
to the center of the plasma behind a Brewster window and
three baffle plates. At the top of the chamber, the laser beam
passes through three baffle plates, a Brewster window, and a
mirror before it is dumped. These baffle plates and Brewster
windows reduce stray light, such as undesirable scattered
light from windows and the chamber wall. Scattered light
from a scattering volume is collected at a 90° angle to both
the magnetic field and the incident laser beam. An F /4.1
collection lens images the scattering volume 12 mm in ver-
tical length onto a 64-channel fiber array, which transfers the
light to a double monochromator. The fibers used in the array
were 0.2 in the N/A and 0.1/0.125 mm in the core/clad di-
oaded 05 Aug 2011 to 130.34.134.250. Redistribution subject to AIP licameter. In the present experiment, the central 24 channels
4.5 mm in scattering length were used to obtain electron
temperature and density. A polarizer was installed between
the lens and the fiber array to enhance the ratio of the
Thomson scattering signal to the stray light and background
plasma emission. The degree of the total reduction of the
stray light level, which was evaluated as an equivalent Ray-
leigh scattering signal strength, corresponded to that for
5.0102 Pa nitrogen molecules. This is two orders larger
than that of the Thomson spectra. The stray light at the same
wavelength as the Thomson spectra can not only exceed the
dynamic range of an image-intensified charge-coupled de-
vice ICCD but also disturb the fitting procedure. Thus the
double monochromator is employed to suppress the stray
light.
Thomson scattering light is dispersed by the double
monochromator, which is a series configuration of two nor-
mal monochromators as shown in Fig. 1b. Each monochro-
mator is equipped with two commercial camera lenses
f =135 mm, F /2.8, Nikon and a holographic grating
50 mm50 mm, 1800 lines/mm, Edmund. Using the
camera lenses as collimating optics has the advantage of easy
alignment in the construction, and also provides less image
aberration. Reciprocal linear dispersion of the monochro-
mator for 532 nm was determined to be 1.57 nm/mm at the
photocathode of the ICCD, which corresponded to 0.020 nm
FIG. 1. A schematic of the MAP-II device a, and a
schematic drawing of the experimental setup perpen-
dicular to the plasma column b. The butterfly valve
B.V. is closed in the present experiment. BD stands
for beam dump; VD, viewing dump; M, mirror; PP,
polarization plate; FA, optical fiber array; A, aperture;
L, camera lens; G, grating; and RB, Rayleigh block.per pixel of the CCD. Wavelength resolution, evaluated in
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Downlfull width at half maximum FWHM of the line spectrum
Ne I 529.819 nm, was 0.13 nm for the slit width of
0.085 mm.
The first grating produces a dispersed Thomson spec-
trum in the image plane, where a spatial filter, called the
Rayleigh block, is located to filter out the stray light and
Rayleigh scattering spectra. A carbon rod, 0.35 mm in diam-
eter, is used as the Rayleigh block, the width of which is
about ten times that of the wavelength resolution. This width
consequently determines the lower limit of measurable Dop-
pler broadening of the Thomson spectra as 1.34 nm, which
corresponds to the electron temperature of 0.29 eV.
The notch-filtered spectra that are dispersed by the sec-
ond grating include broad spectrum spreading out of the
blocked wavelength region. This is caused by random scat-
tering inside the double monochromator. In the present work,
the stray light spectrum is subtracted from the spectra ob-
tained in plasma experiments in order to remove the effect of
the residual stray light in the double monochromator system.
The monochromator has an extra output port not shown in
Fig. 1b for the triple monochromator configuration as the
future upgrade. Using the triple monochromator configura-
tion will also be efficient at removing the residual stray light.
The throughput of the double monochromator depends
on the distance from the optical axis. This is because no field
lens is employed between the two spectrometers. The total
sensitivity of the spectrometer at the photocathode of the
ICCD is as shown in Fig. 2a. Because the observation win-
dow in the wavelength is limited within the range from 519
to 538 nm 5% of maximum, the upper limit of the measur-
able temperature is about 20 eV, sufficient for our purpose.
A typical Thomson spectrum obtained in a helium
plasma is shown in Fig. 2b. It takes 5.4 kJ of total laser-
input energy 20 min in 10 Hz to acquire the spectrum in the
FIG. 2. Relative sensitivity of the double monochromator a, and Thomson
scattering spectrum obtained in a pure helium plasma b. In this spectrum,
the electron temperature and density are determined to be 7.8±0.8 eV and
5.7±0.61018 m−3, respectively. The Gaussian-fitting range is also shown
arrows.plasma. The steep dip around the laser wavelength 532 nm is
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we avoid the range where the steep dip appears. The Thom-
son spectrum spread out of the dip is well fitted to a Gauss-
ian curve, showing the Maxwell-Boltzmann distribution for
electrons. Considering that the FWHM of the Gaussian
curve, 6.8 nm, is the convolution of the instrumental width
and the Doppler broadening of the electron distribution func-
tion, the electron temperature is determined to be
7.8±0.8 eV. The error of the electron temperature arises
mainly from the curve-fitting procedure. Electron density is
determined from the area of the Gaussian curve using the
intensity of the Rayleigh scattering at a known pressure of
molecular nitrogen gas. Thus, the electron density is deter-
mined to be 5.7±0.61018 m−3 for the spectrum shown in
Fig. 2b.
In order to ensure that the system can measure low-
temperature plasmas in the H2-MAR regime, hydrogen gas is
puffed into the second chamber, and the electron temperature
and the electron density are measured as a function of neutral
gas pressure. The result is shown in Fig. 3. The case of
helium puffing is also plotted for comparison. In this experi-
ment, the feeding rate of the initial helium gas into the
source region and the discharge current are fixed to
0.20 Pa m3/s and 50 A, respectively. Then the discharge
voltage, which dominantly determines electron heating, is
kept in the range from 78 to 71 V when the pressure in-
creases from 0.14 to 1.5 Pa in the first chamber. It should be
noted that the pressure indicated in Fig. 3 represents the
value displayed by the crystal gauge for nitrogen. Because
hydrogen and helium gases are mixed in the first chamber,
the total pressure should be modified when the quantitative
FIG. 3. Pressure dependence of electron temperature a, and electron den-
sity b, where data obtained in hydrogen gas puffing is represented by
closed circles and that in helium by open circles.analysis is required.
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DownlThe data point at 0.14 Pa corresponds to the helium
plasma without hydrogen gas puffing, whose Thomson spec-
trum is shown in Fig. 2b. When the pressure increases, the
electron temperature monotonically decreases as shown in
Fig. 3a. This is due to the inelastic collisions of electrons
with neutral gases. Finally, when the pressure is about 1.5 Pa,
the electron temperature is lowered to 2.0±0.1 eV.
The evolution of electron density, shown in Fig. 3b, is
typical of the transition from ionizing to recombining plas-
mas. The electron density, originally 5.71018 m−3 in the
pure helium plasma, increases up to 1.11019 m−3 as the
pressure increases below 0.4 Pa, because neutral gas acts as
the source of ionization. On the other hand, the electron den-
sity rapidly decreases as the pressure increases around 1.1
Pa, and is 5.61018 m−3 at 1.5 Pa. This indicates that the
rate of recombining processes overcomes that of ionization
in this pressure range, due to the reduction of the electron
temperature. This phenomenon is known as density rollover
from H2-MAR as reported in Ref. 10 in the case of ion flux
reduction in the MAP-II device.
Considering that the puffing gas is hydrogen and that the
electron temperature is about 2 eV when the plasma is in the
recombining phase, the recombining process occurring in the
plasma can be hydrogen molecular-assisted recombination
H2-MAR rather than electron-ion recombination EIR. In
fact, the experiment using helium gas puffing open circle in
Fig. 3 does not show the rollover phenomenon of electron
density when the pressure increases up to the same level as
the hydrogen puffing experiment.
Because a frequency-doubled Nd:YAG laser with a pho-
ton energy of 2.3 eV is used in the present experiment, there
oaded 05 Aug 2011 to 130.34.134.250. Redistribution subject to AIP licmight be photoionization from excited states n3 of the
helium atom, which might affect determination of the elec-
tron density. However, the population density above n=3
states calculated using He I collisional radiative model11 is
1015 m−3, which is almost 0.01% of the electron density.
Hence, the error due to the excessive electrons is negligible
compared with the fitting error.
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